Tyrosine-accepting tRNA is encoded by two genes in Escherichia coli, tyrT and tyrU. The tyrT operon and its regulation have been well investigated: it is under stringent control (17) and under growth rate control (40) . An upstream activation sequence, including a binding site for the transactivator protein Fis (25) , permits an optimal rate of transcription (16, 39) .
The most striking feature of the tyrT operon is its structural arrangement (9, 20, 29, 30) . The tyrT locus consists of two tandemly repeated tRNA,"Tyr genes separated by a 208-bp spacer segment including a sequence motif that is repeated three times downstream of the second tRNA1Tyr gene. Each repeat, consisting of 178 bp, terminates with 19 nucleotides, identical with the 3' end of the mature tRNA. The complex structure apparently confers some selective advantage for the cell and is therefore maintained (31) . A very similar arrangement of terminal repeats has been found in four other tRNA genes of E. coli (for a comparison, see reference 3).
In order to investigate the biological significance of these repeated structures, a AtyrT::kan mutant has been constructed (22) . Although the tyrT operon is not essential, the wild-typederived deletion mutant DTK-12 shows a characteristic phenotype when shifted from a rich to an amino acid-limited medium: a transient glycine starvation phenomenon induces the regulatory network of stringent response and gives rise to a lag phase during mid-logarithmic growth (22) . On the basis of complementation studies with plasmid-borne tyrT fragments, an RNA product of the repeated structures of the tyrT operon has been postulated to be the complementing unit (22) .
In a further study, this RNA, designated rtT RNA, has been identified nd characterized (3) . We have made two unexpected ob ervations. (i) Plasmid-expressed rtT RNA is not only invol ed in complementation of the glycine starvation in the AtyrT:: an strain DTK-12 but also influences growth arrest induced b isoleucine deprivation. Therefore, a general modulatory ro e of rtT RNA upon stringent control that is not restricted to glycine starvation in strain has been suggested. ( ii) The extent of growth delay in the AtyrT::kan strain DTK-12 is increased under more-limiting conditions with glycerol as carbon source. Under these conditions, the characteristic lag phase in strain DTK-12 has been only partially o ercome by the tyrT operon, probably because of the modulato effect of rtT RNA upon stringent control, indicating that de etion of the tyrT operon is not or at least is not the only genetic cause for the phenomenon of transient glycine starvation, designated the tyrT deletion phenotype (22) .
In the stl dy presented here, the hypothesis that a second site mutation i involved in generating the tyrT deletion phenotype was furthe supported when the same AtyrT::kan marker was transduce into the relAl spoTl mutant CA274 to construct strain DT 274. This strain showed a dramatic phenotype: when shift d to a minimal medium, growth was fully arrested, and, in co trast to that of strain DTK-12, the phenotype was not compl mented or weakened by transformation with a plasmid co itaining exclusively the tyrT operon. This phenotype was compl tely unexpected, because the original tyrT deletion phenotype depends upon a functional stringent control system (22) .
To identify the genetic basis of the tyrT deletion phenotype in strain DTC274, the 5' region of tyrT 
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hsdR thr-1 ara-14 leuB6 A(gpt-proA)62 lacYl sbcC201 tsx-33 supE44 galK2 X rac sbcB15 B. J. Bachmann (CGSC) hisG4 rfbD1 recB21 recC22 rpsL31 kdgK51 xyl-5 mtl-l argE3 thi-1 DH5a endA1 hsdR17 supE44 thi-1 recA1 gyrA96 reL41 A(argF-lac)U169 480dlacZ AM15 Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Selection markers were transduced by generalized transduction with the phage P1 kc (23) . Plasmids were introduced into bacteria by the standard transformation protocol (32) .
Bacteria were cultured under aerobic conditions at 37°C in rich medium (YT) or in minimal medium (M9) (23) with 30 mM mannitol and either 0.4% glycerol or 0.4% glucose as carbon source. Cultures (10 ml) were grown in 100-ml Erlenmeyer flasks modified with sidearm cuvettes. Growth was monitored by measuring the A578. Cultures were inoculated 1:100 with an overnight culture. The minimal medium for auxotrophic strains was supplemented with the corresponding amino acid at a final concentration of 50 ,jg/ml. Growth experiments were reproduced at least three times. If required, antibiotics were added in the following concentrations: kanamycin, 50 ,ug/ml; tetracycline, 20 ,ug/ml; chloramphenicol, 10 ,ug/ml; and ampicillin, 100 ,ug/ml. The vitamin mixture contained (per liter) biotin, 0.25 mg; pantothenic acid, 7.5 mg; folic acid, 1.25 mg; pyridoxine, 1.25 mg; nicotinic acid, 7.5 mg; thiamine, 12.5 mg; riboflavin, 2 mg; DL-6,8-lipoic acid, 2 mg; and cyanocobalamin, 2 mg.
Cloning procedures. Cloning was performed by established methods (32) . For cloning purposes, plasmid DNA was purified with Qiagen pack 100 columns according to the manufacturer's protocol.
The plasmid pTT-3513Bst was constructed to obtain a tgs-containing plasmid without any adjacent tyrT sequences in the following way. An internal BstEII site within the tgs gene required the construction of the helper plasmid pUT-Bstl2 by subcloning the 0.5-kb BstEII fragment of plasmid pTT-EVA22, which was blunt ended by Klenow polymerase, in the HincII site of the vector pUC19. The plasmid pUT-A3513 was a subclone of plasmid pUT-Al with a 5' deletion generated by exonuclease III treatment. The 0.5-kb HindIII*-HpaI fragment of pUT-A3513 was replaced by the 0.33-kb HindIII*-HpaI fragment of plasmid pUT-Bstl2. The resulting insert terminating with the BstEII site (inactivated by the fill-in procedure) was Nested deletions of the cloned inserts were constructed by partial, unidirectional hydrolysis with exonuclease III and S1 nuclease (11) . Plasmid DNA for sequencing reactions was prepared according to Saunders and Burke (34 (22) .
The growth lag of DTK-12 is observed with mannitol as carbon source and to a greater extent with glycerol as carbon source ( Fig. IC and D) , whereas with glucose as carbon source only a subtle lag phase was observed (data not shown).
For further analysis of this phenotype, the AtyrT::kan marker was transferred to the relA1 spoTl mutant CA274 by generalized transduction to construct the AtyrT::kan variant DTC274 that is affected in ppGpp synthetase I (reA) and II (spoT) and ppGpp turnover (spoT) (14, 43) . A phenotype different from that in DTK-12 was observed in strain DTC274. When the cells were precultured in rich medium and then shifted to M9 minimal medium supplemented with tryptophane and with glucose as carbon source, they were unable to grow, in contrast to the parent strain CA274 (Fig. 1A) . Glucose was chosen as carbon source because with mannitol or glycerol as carbon source, the growth rate of the parent strain CA274 was markedly reduced. Under anaerobic conditions (M9 minimal medium with tryptophane and supplemented with 0.8% glucose, or with 0.8% glycerol and 50 mM nitrate, or with 0.8% glycerol and 50 mM fumarate), the growth of strains CA274 and DTC274 was very poor compared with that of wild-type strain K-12, but was identical between them. The colonyforming ability of strain DTC274 on minimal glucose plates with tryptophane was very low compared with that of the parent strain CA274 but was not completely abolished, indicating that strain DTC274 is not a classical auxotroph and may be favored by the microaerobic conditions on plates. Attempts to complement the growth arrest of DTC274 after shift down to minimal glucose medium by the addition of a vitamin mixture (see Materials and Methods) , by the addition of nucleosides (inosine, uridine, and cytidine; 20 mg/liter), or by the addition of common trace elements did not show any effects. Increasing the amount of Casamino Acids from 0.03% to 0.5% shifted the growth arrest from 0.1 to 0.3 A578. Only the addition of yeast extract and/or tryptone (0.5% to 1%) restored growth of strain DTC274 (data not shown). After prolonged incubation of strain DTC274 in minimal glucose medium for 36 to 48 h, the outgrowth of bacteria to stationary phase was observed in some cases. The outgrowing bacteria still showed the marker Kanr Lac-Trp-. The phenomenon was interpreted as the outgrowth of very rare spontaneous mutants rather than an adaptation to the minimal glucose medium, because it was not observed reproducibly and demanded prolonged incubation periods.
In contrast to strain DTK-12, the phenotype of DTC274 was restored neither by the addition of glycine (data not shown) nor by transformation of DTC274 with plasmid pUM302, which contains solely the tyrT operon (Fig. 1A) . The failure to complement the phenotype of strain DTC274 by the tyrT operon suggested a synergistic effect of the newly introduced AtyrT::kan marker with preexisting mutations and/or an additional unknown mutation within the tyrT region that was cotransduced and raised the question whether the different phenotypes of the two AtyrT::kan strains DTK-12 and DTC274 had a common genetic origin.
Restriction analysis of the tyrT region. The tyrT region has been isolated from two different E. coli strains: the supF allele is from strain CA275, the daughter strain of strain CA274 used in this study (see Table 1 ), and the tyrT allele is from our laboratory strain K-12BM (22) . Both genomic regions were available for this study (plasmids pUM-E containing the supF region as a 5.7-kb EcoRI fragment and pUM101 containing tyrT as a 6.6-kb SalI-BamHI fragment).
A detailed restriction fragment analysis of both plasmids was performed to elucidate putative differences between the two genomic clones within the tyrT region. The tyrT allele contained an 800-bp insertion within a SalI-EcoRV fragment located about 3 kb upstream of tyrT that was marked by an additional PstI site (data not shown). This region was characterized in detail because it was supposed that the genomic differences between the tyrT and supF clones were responsible for the phenotypic differences between the two AtyrT::kan strains DTC274 and DTK-12. The SalI-EcoRV fragment was subcloned from both plasmids, and their nucleotide sequences were determined (positions 81 to 818; see Fig. 3 ).
The restriction length polymorphism resulted from the integration of an insertion element, IS1 (27) , in the tyrT allele of the laboratory strain K-12BM at position 430 (the integration site is marked IS1/DR in Fig. 3 ) flanked by the 9-bp direct repeat sequence GGCAGCAAG that was duplicated during the integration event.
The integration site was found within a continuous reading frame extending beyond the sequenced SalI-EcoRV fragment. To complete the sequence of the reading frame, the 1.5-kb PstI fragment and the 0.56-kb StuI-SalI fragment of plasmid pUM-E were subcloned and their sequences were determined.
A new gene coding for a regulator response protein. The overlapping sequences resulted in an open reading frame (ORF37) that was oriented opposite to tyrT and consisted of 337 codons from nucleotides 1069 to 59 (see Fig. 3 ) coding for a protein with a calculated molecular mass of 37.3 kDa, a net charge of -7 at physiological pH, and a pl of 5.7 . Its expression was shown by a coupled transcription-translation assay in vitro using plasmid pUM-E as the template (see Fig.  4 Fig. 2A and B) . Although strain DTK-12 is derived from strain K-12BM, that IS1 element was missing in demonstrating that the intact ORF37 was cotransduced from strain JC9387 together with the marker AtyrT::kan during construction of the tyrT deletion strain (22) . Therefore, it was ruled out that the phenotypic differences of strains and DTC274 were caused by a mutation in ORF37. The IS1 pattern of the laboratory strain K-12BM was compared with that of strain K-12 obtained from the Deutsche Sammlung von Mikroorganismen (DSM) strain (number 498; see Table 1 ). In the DSM strain, the specific IS1 element was also missing (Fig.   1C ). The laboratory strain was designated with the preliminary appendix BM (K-12BM; see Table 1 was not detected; furthermore a gene product corresponding to this reading frame was not identified. Therefore, its amino acid sequence was omitted from Fig. 3 .
Finally, an open reading frame (tgs) from positions 2687 to 3529 with the coding capacity for a 280-amino-acid peptide with a molecular weight of 31.9 kDa and a theoretical pl value GTrGAUTTTT-rGTGTGCAAGCTGTTCCTOTAATAATCCGTrAAACAATGcGcGTAATAACA By the method of Brendel and Trifonov (4), a factorindependent RNA polymerase terminator was not found between tgs and tyrT, between 0RF34 and 0RF37, or downstream of 0RF37, suggesting that the latter two reading frames are organized in an operon that extends beyond the sequenced region.
A coupled transcription-translation assay was performed to determine whether the open reading frames were actively transcribed and to identify their gene products (Fig. 4) (Fig. iB) . Plasmid 
wild-type behavior in strain DTK-12, resulting in a short transient lag phase with mannitol as carbon source (Fig. 1C) or abolishing an extended lag phase with glycerol as carbon source (Fig. 1D) product. The truncated tgs gene in plasmid pTT-3513Sc resembled the genomic situation in the AtyrT::kan strains. The Scal restriction site at the end of tgs marks the start of the kanamycin resistance gene that replaces the tyrT operon (22) . Therefore, the AtyrT::kan allele inactivates both the tgs gene and the tyrT operon.
Characterization of the new gene tgs. The mRNA of the tgs gene was identified by Northern blot analysis using a nicktranslated 500-bp BstEII fragment (Fig. 6 ). According to rRNA as a size marker the length was estimated to be 1,000 nucleotides. The tgs mRNA was identified in total RNA from strain K-12BM (Fig. 6, lane 1) but was completely absent in the 4tyrT::kan strain DTK-12 (lane 2), confirming the results of the complementation experiments. Most probably, the truncated mRNA was rapidly degraded and was therefore not detected. In strain DTK-12 transformed with a tgs-containing plasmid (DTK12/pTT-3403A; Fig. 6, lane 3) , the mRNA was strongly overexpressed.
The transcription start site of tgs was determined by primer extension analysis with a 23-mer oligonucleotide complementary to positions 2618 to 2640 (Fig. 7) . Total RNA was isolated from strain DTK12/pTT-3403A (Fig. 7, lane 1) and from strain K-12BM (lane 2); crude tRNA from E. coli was used as a control (lane 3). A dideoxy-sequencing reaction performed with plasmid DNA (plasmid pUT-Al) with the 5'-phosphorylated extension primer served as the size marker. The identified cDNAs mapped at G-2557, G-2558, and to a minor extent at A-2560. The analysis confirmed the predicted promoter sequence TTGAAA-N18-TATATT (positions 2524 to 2553), resembling a characteristic u70 promoter. (28, 37, 42) .
As determined by the program TFastA, the deduced protein sequence of Tgs showed striking similarity to that of the purine biosynthesis enzyme glycinamide ribonucleotide (GAR) transformylase of Drosophila melanogaster (13) and with the corresponding purN-encoded enzyme of E. coli (36) and Bacillus subtilis (8) . The protein sequences of these enzymes were aligned with the Tgs sequence (Fig. 8) , and common sequence motifs are indicated. Similar results were obtained with the GAR transformylase of Drosophila pseudoobscura (12) and with the corresponding human cDNA clone (1) (data not shown). An optimal alignment with the program Bestfit of the 200 C-terminal amino acids of Tgs showed 48% similarity and 27% identity of Tgs with PurN of E. coli, 54% similarity and 28% identity with PurN of B. subtilis, and 49% similarity and 24% identity with the GAR transformylase domain of D. melanogaster. The values for the homolog PurN proteins of E. coli and B. subtilis were only slightly higher, with 59% similarity and 30% identity.
The similarity of Tgs to a purine biosynthesis enzyme led us to investigate whether the tyrT deletion phenotypes were complemented by supplementing the growth medium with purines or purine derivatives. The minimal medium was supplemented either with guanine (100 ,uM), adenine (100 ,uM), hypoxanthine (100 ,uM), AICA [5(4)-aminoimidazol-4(5)-carboxamide] as the only precursor compound that can be added and used by a salvage pathway (100 ,uM), thiamine (20 mg/liter) that is synthesized from the purine precursor 5'-phosphoribosyl-5-aminoimidazole, or the pyrimidine uracil (100 ,uM) as a control. However, none of the supplements restored wild-type behavior, indicating that purine biosynthesis is not impaired in the AtyrT::kan strains.
The 60 N-terminal amino acids of Tgs did not show any similarity to GAR transformylase sequences. In this domain, the motif H-X10-C-X13-C-X2-H-X12-H (corresponding to amino acids 2 to 43 of Tgs) is unusually rich in histidine and cytidine residues, which might complex divalent cations. A similar arrangement of amino acid residues has been found in aminoacyl-tRNA synthetases and has been called the Cys-His box (24) .
DISCUSSION
Deletion of the tyrT operon in a wild-type strain of E. coli causes a transient glycine starvation phenomenon during midlogarithmic growth that strictly depends on a functional stringent control system (22) . For further analysis of this phenotype, the AtyrT::kan mutation was transduced into the relAl spoTl strain CA274 to construct strain DTC274. This strain showed a dramatic, completely unexpected phenotype: when it was shifted to a minimal medium, growth was fully arrested, and in contrast to that of strain DTK-12, the phenotype was not complemented or weakened by transformation with a plasmid containing solely the tyrT operon.
In the wild-type-derived strain DTK-12, expression of rtT [8] ) and E. coli (E.c. PurN [36] ). Identical or functionally homologous amino acids within the proteins are written in boldface and italic. Common sequence motifs are underlined. The standard one-letter amino acid nomenclature is used. similar influence of rtT RNA has been observed under artificially induced growth arrest by isoleucine deprivation, suggesting a general modulatory effect of rtT RNA on stringent response. In addition to the incomplete complementation of the phenotype of strain DTK-12, the failure to influence the tyrT deletion phenotype of strain DTC274 by a plasmid expressing rtT RNA demonstrated that deletion of the tyrT operon was not or at least was not the only genetic cause of the observed phenotype.
The main intention of this study was therefore to find the second site mutation that is involved or responsible for the dramatic tyrT deletion phenotype in strain DTC274 and to investigate whether the completely different phenotypes in strains DTC274 and DTK-12 have a common genetic basis. A restriction length polymorphism in the tyrT 5' region between a genomic tyrT clone isolated from our laboratory strain K-12BM and strain CA275 was found. Although not confirmed during the course of this study, we originally supposed that this genetic difference could account for the phenotypic differences between the K-12-and the CA274-derived tyrT deletion strains and that it characterized the respective DNA region in detail. It encoded ORF37, a new member of the regulator response family, which was identified by extensive primary and secondary structure homology to already-known members of this family of homologous proteins. They are characterized by a conserved N-terminal domain that is enzymatically converted by a cognate histidine kinase. Together with the cognate sensory kinase, the regulatory response protein defines an adaptive response system. In E. coli, members of these homologous families have been identified in more than 10 different adaptive response systems (for a review, see reference 38), including chemotaxis (CheA-CheY), nitrogen regulation (NtrB-NtrC), phosphate regulation (PhoR-PhoB), nitrate reductase regulation (NarX-NarL), oxygen regulation (ArcBArcA), and osmotic porin regulation (EnvZ-OmpR). The cognate sensory kinase of ORF37 is not known.
The restriction length polymorphism resulted from the integration of an insertion element, IS], within the ORF37 coding region of the laboratory strain K-12BM. It (2, 41) , it is also not included. Although transposition of IS elements is a rare event, the distribution patterns of IS elements are of course strain specific but obviously also change with time. The laboratory strain K-12BM with the marker ORF37::ISI showed wild-type behavior, so the ORF37 gene is not essential under standard growth conditions.
Complementation studies with the strain DTC274 mapped the complementing unit between ORF37 and tyrT. In this region, three reading frames were found: ORF34; URF13, which is not expressed according to our analysis; and ORF32, designated here as tgs. Although synergistic effects with the deletion of the tyrT operon itself cannot be completely excluded, the tgs gene was found to be the genetic basis of the phenotypes caused by the AtyrT::kan mutation for the following reasons. (i) A plasmid-borne tgs gene without any adjacent genetic regions fully complemented the growth inhibition in strain DTC274, which was not complemented by tyrT. (ii) The same plasmid complemented the tyrT deletion phenotype in strain DTK-12 when grown with glycerol or mannitol as carbon sources. (iii) The tgs gene was found to be deleted in its 3' sequence coding for the 15 C-terminal amino acids of Tgs in all AtyrT::kan strains, because the kanamycin cassette that has been introduced to replace the tyrT operon (22) is cloned in a ScaI site that is located within the tgs coding sequence. A plasmid-borne tgs gene truncated at that ScaI site lost its ability to complement the deletion phenotype, indicating that the 3' sequence of tgs is essential to code for a functional product. (iv) A recently constructed true tyrT mutant of strain CA274, including deletion of the terminal repeats but without an additional mutation in tgs, showed no corresponding phenotype (unpublished results). Therefore, the new data presented here define the tgs gene as the complementing unit of the tyrT deletion phenotype (as it was originally called) instead of the tyrT gene itself. The former conclusion that the tyrT gene is the complementing unit is based on the analysis of strain DTK-12 when shifted to a minimal medium supplemented with mannitol as carbon source (22) . Under these conditions, the growth lag, 1 to 2 h, is quite short compared with 5 h when grown in minimal glycerol medium (3) and is no longer observed when strain DTK-12 is transformed with the tyrT-containing plasmid pUM302, which lacks the tgs gene. We now know that transformation with the tyrT-containing plasmid also reduces growth lags artificially induced by amino acid deprivation (3) . This implies that overexpression of tgs alone or to a certain extent of tyrT alone can abolish the growth lag of strain DTK-12 by independent mechanisms.
The tgs-encoded protein showed significant similarity to the PurN protein of E. coli and B. subtilis and to the corresponding protein domains with GAR transformylase activity of higher eukaryotes. The PurN protein of E. coli is encoded at 54 min at the purMN operon (36) . Therefore, the AtyrT::kan strains (which also carry the 3' deletion of tgs) were not affected in purine metabolism, as verified by supplementing the growth medium with several purine compounds, because they have a functional purN gene. But on the basis of its similarity, the Tgs protein could have GAR transformylase activity. Smith and Daum have postulated that a second gene encoding a GAR transformylase should exist because a purN deletion mutant still exhibits purine prototrophy (36) . During preparation of this paper, Nygaard and Smith reported a novel GAR transformylase (GAR transformylase T) that requires formate as Cl donor and has been mapped at 40 min on the E. coli chromosome (26) . Therefore, tgs seems not to encode the second GAR transformylase activity despite the striking similarity on the molecular level.
Although the phenotypes of the two AtyrT::kan strains DTK-12 and DTC274 differ completely, the phenotypes have the same genetic basis, which was identified as the 3' deletion of the tgs gene. Obviously, in the genetic context of strain DTC274 the tgs gene is essential and its inactivation leads to growth inhibition. The only known relevant genetic markers of strain DTC274 compared with strain DTK-12 are the relAl and spoTl mutations. Although not proven by direct genetic experiments, it is likely that the genetic background of the reLA1 and spoTl mutant is responsible for the phenotypic differences between strains DTK-12 and DTC274. However, additional unknown and unidentified genetic differences cannot be excluded, but they should be characteristic for CA strains, because transduction of the AtyrT::kan marker into strain CA275 (see Table 1 ) resulted in exactly the same phenotype as that observed with strain DTC274 (data not shown). It has been shown that the relA4 gene has a residual ppGpp synthetase activity and that severe spoT gene mutants have extremely slow growth rates in relAl strains (21) . If the tgs mutation disturbs the balance between residual reLA1 and spoTI activity, this could account for rel4l-mediated ppGpp synthesis after nutritional shift down that is accumulated and inhibits growth. This would explain the growth inhibition in strain DTC274 and its need of a complex medium.
